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Abstract 

The radiative B c — * tv t ^ decay is analyzed in the standard model. The branching 
ratio of this decay is calculated and the contributions of the Bremstrahlung and 
structure dependent parts are compared. It is shown that this decay can be detected 
at LHC. 
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1 INTRODUCTION 



Recently the CDF collaboration at Fermilab Tevatron in 1.8 TeV pp has reported the 
discovery of B c meson with ground state mass vtib c = 6400 ± 390 ±130 MeV and life time 
t(B c ) = 0.46 lo!i6 P s [0- This discovery has stimulated the investigation of the properties of 
the B c meson theoretically, as well as experimentally, on a new footing. B c meson contains 
two heavy quarks and for this reason the perturbative QCD predictions are more reliable. 
Therefore the study of the decays of the B c meson allows to check the QCD predictions 
more precisely and one can get essential new information about the confinement scale inside 
hadrons. 

The weak decay channels of the B c meson are richer than the corresponding B q (q = 
u, d, s). The weak B c meson decay channels can be divided into three classes: a) The b 
quark decay with the spectator c quark, for example , B c — > J/ipivf, b) the c quark, decay 
with the spectator b quark, for example, B c — > B s tvi and c) the annihilation channels like 
B c — > ti>i (cs, us), where £ = e, fi, r. 

From experimental point of view, investigation of the weak decays of the B c meson gives 
us the most direct information in determining corresponding elements of the Cabibbo- 
Kobayashi-Maskawa matrix (CKM), such as V c b etc. A comprehensive analysis of the B c 
meson spectroscopy and strong and electromagnetic decays of the excited states is given 
in ||. The semileptonic and various nonleptonic decays and the B c life time have been 
calculated in many works (see for example [^1-|[L0| and references listed therein). 

The pure leptonic decays of B c meson are the simplest among all decays and these 
decays can be useful in determination of the leptonic decay constant Jb c of the B c meson. 
The B c — > ti>i (£ = e, //) decay is helicity suppressed and it makes the determination of 
]b c of the B c meson very difficult. Although the B c — > tv t channel is free of the helicity 
suppression, its observation is possible if we have a good efficiency for detection of the r 
lepton. In this work we investigate the B c — > rz/ T 7 decay in frame work of the standard 
model. In B c — > TV T r ) decay comparable contributions come from diagrams where photon is 
emitted both from initial quark lines and final r leptons. These contributions can give very 
useful information about relative roles of the strong and electroweak interactions. Note that 
in the B c —>■ £p£j {£ = e, fi) decay, it follows from helicity arguments that the contribution 
of the diagram where photon radiated from charged lepton, must be proportional to the 
lepton mass me, and hence it can safely be neglected (see [JTTJ, |i~2f). 

In [|T3"| , rj| the number of B c mesons that will be produced in LHC is estimated to be 



~ 2x 10 . This clearly is an indication of the real possibility of an experimental investigation 
of the properties of the B c meson at LHC. This paper is organized as follows. In section 2 
we give necessary theoretical formalism for the B c —> tu t ^ decay. Section 3 is devoted to 
the numerical analysis and the discussion of the results. 



2 FORMALISM FOR THE B c Tz/ r7 DECAY 

The matrix element for the B c — > tv t ^ decay can be obtained from B c — > tv t process if the 
photon is attached to any charged fermion line. The effective Hamiltonian for the B c tv t 
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decay is 



G 

H = -y= Vcb cry^ (1 - 75) b f 7 M (1 - 75) v T . (1) 



Let us start our investigation for the process B c — > rz/ r 7 by considering the Brem- 
strahlung diagram, where photon is radiated from r lepton. The corresponding matrix 
element is 

M Brem. = • ^ _^ ^ + ^_ + ^ ^ J (1 _ ^ ^ > (2) 

where e a and g a are the photon four-vector polarization and momentum, pi and p 2 are the 
momenta of r lepton and neutrino, respectively, and fs c is the leptonic decay constant of 
B c meson, and defined as 

(0 |ct7,75&| B c ) = -%j Bc PBix ■ 

From Eq. (2) we immediately see that the matrix element J\z[ Brem - is not gauge invariant. 
In regard to the contribution of the structure dependent part to the B c — > tu t ^ process, 
i.e., when photon is radiated from initial quark lines, we consider the following correlator: 

Mf = J= V cb e a J d'xe^ (0 \T {c(0) 7 , (1 - 75) &(0)J? (s)}| B c ) , (3) 

where J^ 1 is the electromagnetic current for b or c quarks. 
Vector part (^M v ^j of this correlator is obviously equal to 

Q flip 2 ) 

Ml = e-= V cb -^-^e^ppSaPpqp , (4) 

V £ " L Bc 

where fi(p 2 ) is the transition form factor, and p is the momentum transfer, p = p 1 + p 2 = 
Pi — q. In general axial part of the correlator can be written as 

G 

M A = -j= V cb e a {Ai g m + A 2 p^Pa + A 3 p a q^ + A 4 p^q a + A 5 q^q a } , (5) 

where A4 are the form factors. Since qe = 0, the form factors A 4 and A 5 can be omitted. 
Obviously, to obtain the matrix element which describes the structure dependent part M SD 
we must multiply Eqs. (4) and (5) to the leptonic current. From Eqs. (5) it follows that 
M. A part is not gauge invariant as well, while Ai v is gauge invariant itself. Since the total 
matrix element is supposed to be gauge invariant, we demand that j\4 Brem - + J\A A must be 
gauge invariant, i.e., 

q a {M* rem -+M A } = 0. (6) 

This condition allows us to find the relation between different form factors. Indeed from 
Eqs. (2) and (5) (after multiplying Eq. (5) to the leptonic current), we have 

ifB c eu{4 + m T ) (1 - 75) v + u [A x + A 2 {pq)\ {{\ - 75) v + A 3 (pq)m T u (1 - 75) v = . (7) 
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From this equation we have 

Ai + A 2 (pq) = -if Bc e , (8) 
^3 (pq) = -if Bc e ■ (9) 

If we set pq = in Eq. (8), we get A x (pq = 0) = —if Bc e. So the general form of Ai is as 
follows: 

A 1 = -tf Bc e + b(pq) , (10) 
where b is a new, unknown form factor. It follows form Eqs. (8) and (10) that 

A 2 = -b. 

In the same manner, from Eq. (9) we get 

A _ ifB c e 

/i 3 — . 

pq 

Substituting these expressions for Ai. A 2 and A 3 in the Bremstrahlung and axial parts of 
the matrix element, we get 



M Brem. +M A = ^_ yj^f^u^) 



Pie pe 

Piq pq 



(l - ^)v(p 2 ) 



+ ifB c 7T^u(pi) 4 i(\~lh)v(p 2 ) 



2piq 
mi. 



£(pq) - q^ipe)] u(pih„ (i - 75) v(p 2 ) 



(ii) 



where for convenience we have redefined b(p 2 ) as 



Kp 2 ) 



h(p 2 



The second term in the first line of the Eq. (11), corresponds physically to the contribution 
of the one B c intermediate state. It easy to check that the gauge invariance of the sum 
of the Bremstrahlung and axial parts of the matrix element in Eq. (11) is reestablished. 
Adding the vector part of the correlator to Eq. (11), we finally get for the matrix element 
of the B c — > rz/,-7 process 



M = Mi + M 2 , 



where 



Mi 



G T/ / fi(p 2 ) 

= 7/f Vcb6 \ m | e mpp £ <*p P qp 

+ i 2 2 Mm) - %{pe)\ k(pi)7 M (1 - 75) v(p 2 ) , 



(12) 



G { 1 

M 2 = ^ V ^fB c m T u(pi)^—-^ 



Pie 

Piq 



pe 

pq 



1 -7 5 )u(p2) 



(13) 
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As we noted earlier, A4 2 is indeed proportional to the lepton mass, as expected from 
helicity arguments. If we formally set m T — > in Eqs. (12) and (13), the resulting expression 
is expected to coincide with the B c — > £i"y {t = e, fi). This decay was investigated in the 



framework of light cone QCD sum rules and the constituent quark model approach in [JTT 
and jlSj , respectively. 



After lengthy, but straightforward calculation for the squared matrix element, we get 



where 



\Mi\ 



\M\ 2 = \M!\ 2 + 2Re LMi-MII + \M 2 



(14) 



ri2 

U I t r |2 2 1C 

— \V cb \ < .1.0 



l/l(p 2 )l 2 , l/ 2 (p 2 )l 

A ' 



2M 2 1 



m 



m, 



{(pp 2 )(pq)(piq) + (P2?) [(ppi)(pq) -p 2 (piq)}} 



(15) 



2 Re 



MiM\ 



|V*|V (-16/ Bc 



P (Piq)(P2q) + (pq) 



(piq)(pq) 

f2( P 2 



2 

[ hip 2 ) 

^f-^ [{pP2){Piq) + (ppi)(P2?)] 



m 



, (P1P2 + P2q) ~ 4^ (pa?) 



Be 



ml 



(16) 



Be 



G 2 



\V cb \ 2 e 2 (-4/1 X 



2 v J£lc ^ (piq) 2 (pq) 2 

^P 2 {PiP2){Piq) 2 + (pq) 2 (P1P2) (2m^ - pig) + (p 2 <?) (m 2 - - 2p l q) 



+ (pq)(piq) [{pp2){piq) - (ppi){^PiP2 + P2q)} 



(17) 



All calculations have been performed in the rest frame of the B c meson. The dot products of 
the four-vectors are defined if the photon and neutrino (or electron) energies are specified. 
The Dalitz boundary for the photon energy E y and neutrino energy E 2 is as follows: 

m 2 B - 2m Bc E 1 - m 2 m% - 2m Bc £ 7 - m 2 . 
S &2 S 



2m 



B c 



< £L < 



2 (m B - 2E~ 



2m Bc 



The expression for the differential decay rate can be written as 

dT 1 



dE 2 dE^ 647r 3 mR 



\M\ 



(19) 
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The differential (dT/dE^) and total decay width are singular at the lower limit of the 
photon energy, and this singularity which is present only in the \M.2 1 2 contribution is due 
to the soft photon emission from charged lepton line. On the other hand, |A^i| 2 and 
Re terms are free of this singularity. In this limit the B c — > rz/ T 7 decay can not 

distinguished from the B c — > tv t decay. In order to obtain a finite result for the decay 
width, we must consider both decays together. The infrared singularity arising from the 
|7W 2 1 2 contribution must be canceled with 0(a) virtual correction to the B c — > rv T decay. 
In this work, our consideration is slightly different, namely, the B c — > tv t ^{ process is not 
considered as a 0(a) correction to the B c — ► rv T decay, but rather a separate decay channel 
with hard photon radiation. Therefore we impose a cut value on the photon energy, which 
will set an experimental limit on the minimum detectable photon energy. We will consider 
the case for which the photon energy threshold is larger than 50, MeV i.e., E n > amB c , 
where a > 0.01. Using Eqs. (14)-(19) and imposing the cut as the lower bound of the 
photon energy, the total decay width takes the following form: 



|/i(x)| 2 + |/ 2 (x)| 2 ' 



x 3 (2 + r - 2x)(l - r - x) 



l-r 



r 



+ (1 - x) (2 - 2r 2 - 3x + rx + 2x 2 )£n 



(1 -x) 2 

- 4 + 8r - 4r 2 + 10a; - 14rx + Ar 2 x - 9x 2 + 7rx 2 + 3a; 3 
1 — x" 



l-r 



rx 



4 /b c / dx 

Js 1 — X 



(l-x)(f l (x)x + f 2 (x)(2-r))£n 



(1 — r — x) (fi(x)x + f 2 (x)(l + r — 2a;)^ 
1 — x x 



(20) 



where x = 2E 1 /rriB c is the dimensionless photon energy, r 



m 2 /m 2 B and 5 



2a. 



3 NUMERICAL ANALYSIS 

It follows from Eq. (20) that, to be able to calculate the decay width, explicit forms of the 
form factors f\ and f% are needed. These form factors are calculated in the framework of 
the light cone QCD sum rules in [|ll|], and it was shown that, to a very good accuracy, their 
p 2 dependence can be represented in following pole forms: 



fi(p 2 



/i(0) 



p 2 /m\ 



where 



h(v 2 



Mo) 



p 2 /m\ 



(21) 



A(0) = 0.44 ±0.04 GeV . 
/ 2 (0) = 0.21 ±0.02 GeV 



TTln 



43.1 GeV 2 . 
: 48.0 GeV 2 



The following set of parameters have been used in the numerical analysis: fs c = 0.35 GeV 



fT§-jg, V cb = 0.04 (!§, t(B c ) = 0.46 x 10~ 12 s 0. In Figs. (1) and (2), we present 
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the photon energy dependence of the branching ratio for two different fixed cut values, i.e., 
8 = 0.016 and 8 = 0.032. The steep increase in the value of the branching ratio at small 
photon energies, is due to the Bremstrahlung part. Using these values, we have calculated 
the branching ratios and presented the results in Table 1. 





8 = 0.016 


8 = 0.032 


Structure 
dependent part 


7.24 x 10" 6 


7.24 x 10" 6 


Bremstrahlung 
part 


8.60 x 10" 5 


6.53 x 10" 5 


Interference 
part 


2.17 x 10~ 6 


2.18 x 10~ 6 


Total 


9.54 x 10" 5 


7.47 x 10" 5 



Table 1: 



From this table we observe that the main contribution to the B c — > rzvT decay comes 
from the Bremstrahlung part and contributions arising from the structure dependent and 
interference terms are comparable to each other. 

Note that the QCD sum rules prediction of the branching ratio of the B c — > tvfy (£ = 
e, /i) decay is [|TT[ 

B(B C -> Ivci) ~ 1.0 x 10~ 5 . (22) 

For completeness we present below the predictions of the branching ratios for pure 
leptonic decays [|15[| : 



B(B c ^eu e ) = 1.25 x 10~ 9 
B (B c iiv^ = 5.26 x 10" 5 

B (B c -> tv t ) = 1.29 x 10~ 2 . (23) 

From a comparison of the results listed in Table 1 and Eq. (22), we observe that the 
branching ratio of the radiative r lepton decay is higher than the corresponding B[B C — > 
tvff) and the pure light leptonic decays. 

Few words about the number of expected events at LHC are in order. As we have noted 
earlier, approximately ~ 2 x 10 8 B c mesons will be produced at LHC per year. Using the 
numerical result for the branching ratio of the B(B C — > TU T / y) decay, for the number of 
expected events at LHC, we get 

N ~ 2 x 10 4 (for 8 = 0.016) and , 
~ 1.5 x 10 4 (for 8 = 0.032) . 
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Even with an efficiency of ~ 10 2 in detecting the r lepton, approximately ~ 200 events 
are expected to be observed. So, this decay has a good chance to be detected at LHC. 
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FIGURE CAPTIONS 



FIG. 1. The dependence of the branching ratio of the B c — > tv t ^ decay on the dimen- 
sionless photon energy. The lower bound of the dimensionless photon energy is taken as 
5 = 0.016. 

FIG. 2. The same as FIG. 1, but at 5 = 0.032. 
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